Collective cell motility plays central roles in various biological phenomena such as inflammatory response, wound healing, cancer metastasis and embryogenesis. These are biological demonstrations of the unjamming transition. However, contradictory to the typical density-driven jamming processes in particulate assemblies, cellular systems often get unjammed in highly packed, sometimes overcrowding tissue environments. In this work, we report that overcrowding can unjam gap-free monolayers through increasing isotropic compression. The transition boundary is determined by the isotropic compression and the cell-cell adhesion. We explicitly construct the free energy landscape for the T1 topological transition during monolayer rearrangement, and find that it evolves from single-barrier shape to double-barrier shape upon completion of the unjamming process. Our analyses reveal that the overcrowding and adhesion induced unjamming transition reflects the mechanical yielding of the highly deformable monolayer, which differs from those caused by loosing up a packed particulate assembly.
transition. An interesting observation is that the boundary separating those two phases is approximately a straight line (Fig. 1c , Supplementary Fig. 2 and Supplementary Fig. 3 ).
Fitting of our simulation results indeed shows that this boundary represents a linear relation: Overcrowding induces -independent unjamming transition. One surprising observation from Fig. 1c is that, smaller ! (i.e. higher cell density with higher isotropic compression) lowers the critical value of ! for the unjamming transition to happen. More specifically, if we fix the ! value and increase the packing density (moving down along an imaginary vertical line in Fig. 1c ), the overcrowded monolayer gets unjammed, which is counterintuitive, as many-body systems generally get jammed when density increases under isotropic compression. For example, experiments have shown that granular materials undergo jamming-unjamming cycles when applied cyclic isotropic compressing-uncompressing loads accordingly 61 .
To investigate whether and how ! influences the overcrowding induced unjamming transition, we explicitly constructed the phase diagrams in the ! , ! plane at ! values of 2.0 , 3.0 and 4.0 (Fig. 2a-c) . These results show that, when ! is sufficiently high, increasing cell density (decreasing ! ) is consistently able to drive the monolayer to liquid-like state with elongated cell geometries. And for larger targeted shape index ! , the unjamming transition happens earlier at bigger ! . Fig. 2d-f 
! , which overlaps with the transition boundary at the ground state (the dashed line).
Therefore, overcrowding can drive the unjamming transition independent on the ! . Because which is therefore connected to the monolayer's overall motility 62 . However, existing evaluations of the barrier only take into account the mechanical energy difference between the transition configuration and the pre-transition configuration by modulating the length of the inside edge from a geometrical ensemble of the 4-cell groups 41, 44, 56 . This approach obtains the ensemble average of the mechanical energy contribution to the barrier, instead of the free energy barrier itself. To gain comprehensive insights towards the cellular rearrangements of the monolayer, we study from a statistical mechanics aspect to construct the free energy landscapes of the T1 topological transition during the unjamming process.
To construct the free energy landscape, the most straightforward way is to compute the probabilities of the inside edge's length by sampling a large quantity of the configurations Our results explicitly show the evolvement of the free energy landscape during the unjamming process from a single-barrier "W" shape to a double-barrier "M" shape through a "U" shape where the unjamming transition occurs. Starting from large ! where the monolayer is in the solid-like phase ( ! = 1.1 and 1.0), the energy landscape exhibits a "W" shape with two minimums at the pre-and post-transition configurations and a peak value at the transition configuration, indicating that cellular rearrangement in this phase requires non-zero "activation" energy. When cell density increases, the barrier becomes lower and eventually reaches zero ( ! = 0.85). Similar barrier diminishing process has also been reported for the mechanical energy evaluation during the ! driven unjamming process 41 .
After reaching the "U" shape, further decreasing ! results in a dip at the transition configuration where the system reaches its global minimum free energy state. At the same time, two new barriers emerge, leading to two local minima at the pre-/post-transition configurations ( ! = 0.8, 0.7 and 0.6). This double-barrier "M" shape has not yet been reported and directly reflects the elongated cell geometry where short and long edges coexist.
From the obtained free energy landscapes, we can directly measure the energy difference between the transition configuration and the local minima at the pre-/post-transition configurations, (Fig. 3b) . When the isotropic compression index ! approaches the critical value to unjam the monolayer, linearly decreases from positive to zero (Fig. 4) . After the monolayer gets unjammed, becomes negative and continues linearly decreasing with decreasing ! (Fig. 4) . At different ! , all linear ~! curves cross the same point ( = 0 , ! = ! ! ) but with different slopes (Fig. 4a) , further confirming that the unjamming transition boundary is independent of ! (i.e. cell stiffness and uncoordinated active forces). And at different ! , on the other hand, the linear ~! curves are shifted so that the transition boundary depends on ! (Fig. 4b) .
Intriguingly, our results revealed two new free energy barriers for the T1 topological transition in the liquid-like phase: as the monolayer being unjammed, the original single energy barrier (peak at the transition configuration) is replaced by two barriers whose peaks locate at two sides of the transition configuration. Therefore, although becomes negative, the 4 participating cells still need to cross these new free energy barriers to rearrange. We believe that it is these two energy barriers that determine the cell rearrangement dynamics in the liquid-like phase. The detailed description of the free energy landscape provides a direct way to unbiasedly investigate collective cell motility and its connection to the monolayer morphology, which we will explore in future studies.
Distributed-to-disordered geometrical transition during monolayer unjamming.
Previous studies have nicely demonstrated the geometrical distribution of the cells inside the monolayer and have shown a variety of coexisting cell shapes 13, 44, 46 . Here, we investigate whether and how the cell geometry evolves with the unjamming transition. increasing cell density and cell-cell adhesion jams the monolayer by a "packing" process. For gap-free monolayer, increasing cell density and cell-cell adhesion unjams the monolayer by "compressing" the soft material to yield.
